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AN OVERVIEW OF THE NASA AVIATION SAFETY PROGRAM
PROPULSION HEALTH MONITORING ELEMENT

Donald L. Simon
U.S. Army Research Laboratory
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, OH 44135

Abstract

The NASA Aviation Safety Program (AvSP)
has been initiated with aggressive goals to reduce the
civil aviation accident rate. To meet these goals,
several technology investment areas have been
identified including a sub-element in propulsion health
monitoring (PHM). Specific AvSP PHM objectives
are to develop and validate propulsion system health
monitoring technologies designed to prevent engine
malfunctions from occurring in flight, and to mitigate
detrimental effects in the event an in-flight malfunction
does occur. A review of available propulsion system
safety information was conducted to help prioritize
PHM areas to focus on under the AvSP. It is noted that
when a propulsion malfunction is involved in an
aviation accident or incident, it is often a contributing
factor rather than the sole cause for the event.
Challenging aspects of the development and
implementation of PHM technology such as cost,
weight, robustness, and reliability are discussed.
Specific technology plans are overviewed including
vibration diagnostics, model-based controls and
diagnostics, advanced instrumentation, and general
aviation propulsion system health monitoring
technology. Propulsion system health monitoring, in
addition to engine design, inspection, maintenance, and
pilot training and awareness, is intrinsic to enhancing
aviation propulsion system safety.

Introduction

The NASA Aviation Safety Program (AvSP)
has been initiated with aggressive goals to reduce the
civil aircraft accident rate.? The AvSP supports the
national goal of reducing the fatal accident rate for
aviation by 80 percent in 10 years, and a longer term
NASA goal of reducing the aircraft accident rate by 90
percent in 25 years. The worldwide commercial
aviation major accident rate (as judged by hull losses
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per million departures) has been nearly constant over
the past two decades.® Although the rate is low,
increasing traffic over the years has resulted in the
absolute number of accidents also increasing. Given
the projected future increases in air travel demands, the
number of aviation accidents will continue to climb if
no improvement in the accident rate is made (see
Figure 1). Given the very visible, damaging and tragic
effects of even a single major accident, this increase in
the number of accidents would clearly have an
unacceptable impact upon the public’s confidence in
the aviation system and impede the anticipated growth
in commercial air travel.

Past technology advances have resulted in
aircraft propulsion systems with excellent safety and
reliability records. However, propulsion system
malfunctions still contribute to a number of aircraft
accidents and must be addressed to meet the aggressive
goals set forth by the AvSP. As part of the AvSP,
several technology investment areas have been
identified to improve overall aviation safety including
propulsion system health monitoring. An Aviation
Safety Program Organization chart is shown in Figure
2. Propulsion Health Monitoring (PHM) is a Level 4
sub-element led out of the NASA Glenn Research
Center under this Program. Specific objectives of this
sub-element are to develop and validate propulsion
system health monitoring technologies designed to
prevent engine malfunctions from occurring in flight
and to mitigate detrimental effects in the event an in-
flight malfunction does occur.

Aviation Propulsion System Safety Issues

A review of available aviation propulsion
system safety information was conducted to help
prioritize PHM areas to focus on under the AvSP. The
Aerospace Industries Association (AlA) Propulsion
Committee (PC) on Continued Airworthiness
Assessment Methodology conducted an analysis of
aircraft propulsion system safety hazards over a ten
year time period.* This study included transport
category aircraft data from turboprop, low bypass, and
high bypass turbofans. Data was categorized into
Level 4 events (defined as severe consequences such as
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forced landings, hull loss, serious injuries or fatalities),
and Level 3 events (defined as serious consequences
such as substantial aircraft damage, rapid
depressurization, permanent loss of thrust on multiple
engines, and impairment of aircraft controllability).
This study found that a Level 4 propulsion system
related event occurred 4.21 times per 10 million aircraft
flights, and a Level 3 event occurred 6.22 times per 10
million flights. To put these numbers in perspective, a
recent study found that the propulsion system
contributed to approximately 12% of all jet transport
accidents.” The top two event categories, uncontained
failures (18% of propulsion-related Level 3&4 events)
and propulsion system malfunction plus crew error
(15% of propulsion-related Level 3&4 events), are
further discussed below.

Uncontained Failures

Uncontained turbine engine rotor failure is an
event that results in the escape of debris through (out
of) the engine nacelle envelope due to a rotating
component failure. This uncontained release of debris
can cause catastrophic damage to the aircraft structure
and systems, negatively impacting the controllability of
the vehicle, and/or serious injury or fatalities to the
vehicle occupants. There are a variety of potential
initiating causes for uncontained turbine engine rotor
failures such as shop maintenance and overhaul errors,
material or manufacturing defects, low cycle fatigue,
foreign object damage, and mechanical component
malfunctions. Uncontained engine events were involved
in 2.2% of all fatalities in fixed wing civil aviation
accidents during the period 1984 through 1989.°

Under the NASA AvSP, health monitoring
technologies for in-situ crack detection will be
developed and evaluated. The goal is to reduce
uncontained engine failures by providing both
continuous monitoring of critical engine components
and a prognostic capability to detect cracks prior to
propagation to failure. These technologies will be
further discussed later in this paper.

Propulsion System Malfunction Plus Inappropriate
Crew Response

Due to the steady improvements in reliability
made by the aviation community, catastrophic engine
failures have become rare. Today, propulsion-related
aviation accidents are often not due solely to
malfunctions of the propulsion system, but rather to a
number of contributing factors. For example, an
aviation accident or incident may occur when a single
benign propulsion system malfunction, not normally
considered safety significant, occurs coupled with the

pilots” inappropriate or lack of response to the
malfunction. Such an event, termed Propulsion System
Malfunction Plus Inappropriate Crew Response
(PSM+ICR), is now the dominant contributor to
turbofan and turboprop aircraft Level 4 propulsion-
related events.*

Recently, the Aerospace Industries
Association (AlA) and the European Association of
Aerospace Industries (AECMA) jointly formed a
working group to study and assess the causes and
contributing factors in PSM+ICR accidents and
incidents. Published documentation from this joint
effort summarizes their findings, conclusions, and
recommendations for potential corrective action.’
Turbofan aircraft data analysis identified four major
categories of PSM+ICR events: (1) rejected takeoffs at
or above V1 (takeoff decision speed) following
compressor surge/stall, severe vibration, or warning
lights, (2) loss of control resulting from undetected
thrust asymmetry and/or aerodynamic cues often
masked by auto-throttle/auto-pilot, (3) shutdown or
throttle pull-back of a good engine due to incorrect
flight crew diagnosis or incorrect action following
correct diagnosis, and (4) other events such as difficulty
isolating a malfunctioning engine, or the failure to
recognize the need to take corrective action.
Recommendations from this study include critical needs
to enhance flight crew training and awareness in
recognizing and responding to propulsion system
failures, to ensure that flight simulators used to support
pilot training have realistic propulsion system
malfunction simulation capability, and to review
current propulsion system cockpit instrumentation
requirements to determine if improved engine displays
or methods can be found to better aid the flight crew in
recognizing propulsion malfunctions. Under the NASA
AVSP, health monitoring technologies will be
developed and evaluated to reduce the root causes of
propulsion malfunctions such as surge/stall, asymmetric
thrust, and in-flight engine shutdowns that can lead to
PSM+ICR events.

General Aviation

In addition to focusing on commercial
transport aircraft safety, the NASA AvSP will also
attend to general aviation safety. With the general
aviation market poised to grow significantly in future
years, safety concerns must be removed as a barrier if
this growth is to be realized. Accident data from the
Nall Report for the year 1998 attributes 6.3% of all
general aviation accidents and 2.1% of fatal general
aviation accidents to engine and propeller
mechanical/maintenance problems.® Another 2.4% of
all general aviation accidents and 2.1% of fatal general
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aviation accidents were related to fuel system
anomalies. This report also noted the role human error
plays in fuel mismanagement, maintenance, and
incorrect operating procedures when system failures
occurred, once again highlighting the fact that engine
malfunctions are often just one of several contributing
causes leading to an accident. The NASA AvSP is also
working towards the development of health monitoring
technologies specific to general aviation engines.

Propulsion System Health Monitoring Challenges

Aircraft engine health monitoring techniques
have been in place for several decades and have yielded a
variety of benefits including improved aircraft safety and
reliability, reduced engine maintenance time and cost, and
reduced unscheduled engine maintenance or removals.
Future advances in these areas hold much promise for
additional aircraft safety and economic enhancements.
Engine health monitoring is the assessment of the
engine’s physical condition by monitoring and
interpreting available engine instrumentation readings and
operating cycles (see Figure 3.) Such a process can often

detect incipient engine trouble well in advance of serious
anomalies.

Historically, in-flight engine monitoring has
been a flight engineer/pilot task through the visual and
tactile cues available on cockpit gages and controls.
Ground-based engine monitoring capabilities have
progressed over the years. On early generation aircraft,
which lacked automatic data acquisition systems, engine
data was recorded manually by the flight crew and later
fed into a computer for trend analysis. On modern
aircraft, engine performance data is automatically
recorded and transferred to ground station for analysis
either manually or through satellite or ARINC ground link
transmission. Future trends are towards an increase in the
sophistication of on-board and ground-based engine
monitoring and maintenance systems including dedicated
on-board diagnostic processors and algorithms, advanced
diagnostics and prognostics instrumentation, and the
integration of diagnostic information with fault
accommaodating control logic. The ultimate vision is a
combined monitoring system that applies prognostics
within an engine health management system to allow
aircraft operators to automatically track remaining life of
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engine components.”*® Such information will enhance
operational safety and allow the optimal scheduling and
performance of engine maintenance.

The PHM technologies to be developed under
the NASA AvSP are primarily focusing on civil
aviation safety issues. However, to a large degree it
will be the secondary economic benefits which help
this technology gain acceptance by the aviation
industry. Benefits include reduced inspection time,
reduced maintenance costs, reduced unplanned engine
maintenance, reduced operating costs, extended time
before overhaul, and optimized maintenance
scheduling and management of inventory.

The engine manufacturers, airlines, and
regulatory agencies recognize these safety and
economic benefits and have worked jointly to define
and implement current engine inspection and health
monitoring programs. NASA’s strategy will be to
work with these organizations to define, develop, and
integrate AvSP health management technologies into
existing engine monitoring programs. Any additional
benefits to be gained from the incorporation of new
health management technology into the aviation system
will be weighed against any added cost. This includes
not only initial procurement cost, but also
considerations of weight, reliability, and operating
costs to maintain the new technology. The false alarm
and missed detection rates of the technology are also
critical. Missed detections can be detrimental in terms
of both cost and safety. False alarms, in addition to
increasing costs and causing interruptions in aircraft
availability, can also have a negative impact on safety
by causing unnecessary inspections and maintenance.
For example, recent studies indicate that maintenance
error accounts for nearly 1/3 of all aircraft engine in-
flight shutdowns and that the probability for
maintenance error needs to be considered when
determining the requirement for and frequency of
inspection and replacement programs.** Also, care
must be taken to ensure that any advanced fault
accommaodating control logic technology incorporated
does not compromise the flight crews’ ability to
recognize and respond to a malfunctioning engine by
eliminating cockpit cues.

AvVSP Propulsion Health Monitoring Planned
Activities

The NASA AvSP Propulsion Health
Monitoring element has work ongoing in several
technology areas including vibration diagnostics for
disk crack detection, model-based controls and
diagnostics, component stability monitoring, advanced

instrumentation, and general aviation PHM technology.
These technologies are discussed in the following
sections.

Vibration Diagnostics

As described earlier, uncontained engine
failure is an aviation safety concern. Under the AvSP,
NASA and General Electric Company are jointly
working to develop and validate an on-line, automated
crack-detection system capable of detecting turbine
rotor disk cracks in early stages through the
noninvasive monitoring of vibration measurements.
Analytical models of the disk assembly will be used to
correlate the size and location of disk cracks to the
vibration signature along the rotor support structure.
The diagnostic technique is based on discerning the
additional mass-unbalance effect caused by the
opening of a crack. When a radial/axial disk crack
develops, it tends to open with speed due to the stresses
induced by centrifugal loading. The resulting change
in the distribution of the disk mass causes a shift in the
phase and the amplitude of the once-per-rev unbalance
vector versus a previously established baseline as
shown in Figure 4. Advanced signal processing
techniques based on the modeled signature will be
applied to the vibration measurements taken from the
bearing-mounted radial vibration accelerometers to
detect and monitor the propagation of disk cracks prior
to their growth to a critical size. Initial efforts will
focus on technology validation on component subscale
and full scale rig testing conducted in spin facilities. A
baseline vibration signature for an unflawed disk will
be established by collecting data over a specified speed
range of the component. A crack will then be
introduced into the disk, and once again vibration data
will be collected over the specified speed range. The
crack will be progressively enlarged, and the test will
be repeated. The detection algorithm will be evaluated
for sensitivity (minimum detectable crack size) and
robustness to distinguish disk cracks from other engine
faults that may produce similar symptoms. Follow on
efforts will mature the technology for implementation
and certification in a commercial engine product.

Similar technology has been successfully
applied to the detection of disk cracks in land-based
gas turbine engines and aircraft engine disks
undergoing spin pit testing.** Critical work is needed
in modeling, instrumentation, and signal processing to
advance and incorporate this technology into an on-
board aircraft engine vibration monitoring system.

Although disk crack detection is the focus of
this effort, there are additional benefits of enhanced on-
board aircraft gas turbine engine vibration monitoring
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(EVM) systems. For example, enhanced EVM systems
can enable the early detection and prevention of
anomalies such as bearing degradation, blade
loss/rubbing, and rotor unbalance. EVM prognostic
capabilities will allow aircraft operators to optimize the
scheduling and performance of engine maintenance,
reduce the occurrence of unscheduled maintenance,
eliminate more substantial and costly failures, and
reduce ground-based inspection time. These collective
safety and economic benefits will help to accelerate
industry acceptance and incorporation of this
technology.

Model-Based Controls and Diagnostics

Model-Based Controls and Diagnostics
(MBCD) consists of a real-time on-board
aerothermodynamic engine model incorporated into the
engine control architecture as shown in Figure 5. An
on-line parameter estimation algorithm, or tracking
filter, tunes the model to estimate off-nominal engine
component performance, sensor bias, or actuator bias.
Such an architecture provides several benefits
including continuous real-time trending of engine
health, synthesized sensor values which can be used in
sensor validation logic, and estimates of unmeasurable
engine parameters such as thrust and component
stability margins which can be used in feedback control
logic. Aircraft operators have used model-based gas
turbine engine condition monitoring systems in

ground-based applications for several decades to trend
engine performance from recorded engine
measurements.*****>1¢ More recently, adaptive on-
board engine models have been demonstrated for use in
real-time engine performance monitoring and
optimizing engine control to accommodate off-nominal
engine behavior.}"181920222 Thjs has been enabled by
the increased processing capability of today’s
microcomputers.

Under the AvSP, MBCD technology will be
extended to provide prognostic and diagnostic
capability and fault accommodation in the propulsion
system, thereby preventing or reducing the severity of
potentially safety-significant failures. The aviation
safety concerns include the loss of control, controlled
flight into terrain, or rejected takeoffs caused by the
pilot’s incorrect response to these engine malfunctions.
An initial effort will focus on the collection and
analysis of information on current in-flight engine
shutdowns, engine related aborted takeoffs, engine
overspeed/overthrust, engine surge/stall, and multi-
engine combustor blowout events and their underlying
causes. After these events have been analyzed, they
will be classified into fault types. From this
classification several faults will be selected for further
study based on associated frequencies of occurrence
and the potential to be detected and accommodated by
MBCD technology.

6
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MBCD is a promising technology for
accommaodating engine faults such as sensor failures,
actuator failures, and moderate gas-path component
damage, and the effects such faults/degradation have
on component operability margins. The estimation and
control of component operability margins through
MBCD can reduce the occurrence of potentially safety-
significant malfunctions such as engine surge. Initially,
selected engine failures will be modeled in a simulation
environment and the diagnostic and control logic will
be evaluated. The results of the simulation evaluation
will be analyzed to quantify the benefits in terms of
reduction of engine malfunctions, and a study will be
performed to recommend control and diagnostic
strategies for further development and maturation.
Critical to the performance of a MBCD architecture is
the accuracy of the tracking filter to tune the on-board
model to match the performance of the actual engine.
Candidate tracking filter parameter estimation
techniques include weighted least squares, extended
Kalman filters, neural networks, and genetic
algorithms. A challenge is that the system is typically
underdetermined, i.e. there are more unknown system
diagnostic parameters than equations. To make the
problem manageable, past efforts have placed
restrictions on the number of unknowns to be estimated
or performed multi-point tracking, leveraging the non-
linearity of the system to allow additional unknowns to

be estimated.?® Under the AvSP, MBCD tracking filter
logic will be evaluated for accuracy and robustness in
detecting and preventing safety-significant engine
malfunctions.

The emphasis of this activity is to prevent in-
flight shutdowns and engine surge events in order to
enhance propulsion safety. However, a continuous on-
board monitoring system provides additional economic
benefits. For example, early detection of incipient
failures can prevent more costly failures from
occurring, and can reduce the unplanned maintenance
and engine removals. Adaptive control schemes have
the additional benefit of optimizing fuel efficiency or
extending component life.

Component Stability Monitoring

As indicated previously, compressor stall is
often a contributing factor in turbofan aircraft
PSM+ICR accidents and incidents. In addition to the
MBCD techniques described above, the AvSP will also
investigate the diagnosis of component health through
the interpretation of high response pressure
measurements. The activity leverages past first
principle component stability modeling developments
advanced under theoretical studies of the rotating stall
inception process and active stall control in axial flow
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compressors.?*?% This work has demonstrated the
existence of small amplitude pressure waves rotating
about the circumference of the compressor prior to
rotating stall inception (see Figure 6). The traveling
wave energy and frequency content varies with rotor
speed. A past study has demonstrated good agreement
between analytical models and experimental data in
analyzing the pre-stall behavior of several high speed
compressors.?’ This work also highlighted that modes
are susceptible to excitation by geometric
nonuniformities in the compressor.

There can be numerous causes for degraded
compressor stability margin in a gas turbine engine
such as component degradation, manufacturing
variation, control system variations, and airflow
distortion. Past work has found that deteriorated
compressors exhibit larger amplitude static pressure
stall precursor waves than undeteriorated compressors
during transient operation.?® This was demonstrated
experimentally by comparing the power spectral
density time evolution of compressor static pressure
measurements collected from an undeteriorated and a
deteriorated engine. These experimental results
showed good agreement with the analytical dynamic
stall inception model.

The AvSP will further investigate the use of
component traveling wave energy as a real-time

8

measure of compressor stability. Available empirical
compressor data will be evaluated to determine the
change in traveling wave energy with varying rotor
speed and stall margin.

Advanced Instrumentation

The objective of this activity is to develop and
demonstrate robust and affordable engine crack
detection instrumentation for operation within harsh,
high temperature engine environments. The developed
instrumentation will be applicable to a variety of
engine components including disks, shafts, blades,
vanes, and support structures for a full field, real-time
and in-situ measurement. The goal is to enhance
propulsion safety through the reduction of uncontained
engine failures and in-flight shutdowns. Past
technology developments to be leveraged and
advanced include high temperature thin film sensors®
(see Figure 7), smart coatings®, and ultrasonic
piezoelectric transducers.®® The approach will be to
develop and demonstrate this instrumentation and its
associated signal conditioning software in component
rig tests followed by an on-engine demonstration. The
on-board implementation of such technology would
enable continuous real-time monitoring and allow
detection of the initiation and propagation of cracks on
the order of one mil in width. On-board signal

American Institute of Aeronautics and Astronautics



processing requirements will be defined. Wireless data
transmission will also be explored.

In addition to the safety benefits of crack
detection, this advanced instrumentation would also
provide measurements of structural strain and
component temperature to 1000 °C. Once available,
these measurements can enhance life usage monitoring
and life extending control applications yielding
economic benefits of extended component time before
overhaul.

General Aviation Propulsion System Health
Monitoring

The NASA AVSP is also focusing on
affordable propulsion health monitoring technologies
for general aviation (GA) aircraft to enhance safety.
Past GA PHM has been limited, often relying on the
pilot to manually monitor engine health through
cockpit instrumentation and scheduling preventative
maintenance on a fixed-time basis. Safety and
economic improvements are possible by automating
the process of recording, processing, and trending
engine instrumentation. Challenges include making the
technology light-weight and affordable to allow
feasible implementation. Specific AvSP plans include
the development and evaluation of robust low-cost
combustion pressure instrumentation for piston-
powered general aviation aircraft. This will provide
real-time combustion process feedback that can be used
for enhanced diagnostics and control applications. The
development and demonstration of a low-cost engine
monitoring and diagnostic system for GA aircraft is
also planned. This passive monitoring system will
collect and trend a variety of engine parameters. The
system will archive and interpret the parameters
providing maintenance and pilot advisories regarding
the condition of the engine.

Related Activities

PHM is one of several technology investment
areas that can help to enhance aviation propulsion
system safety. This activity will leverage synergistic
work in the areas of system design, human factors,
inspection, and maintenance procedures. Some of
these technologies are further discussed below.

Engine material and structural design
advancements can yield improved crack resistant
materials to reduce engine failures and enhanced
lightweight engine containment systems to withstand
the physical forces of fragmented engine components
in the event of an engine failure. The NASA UltraSafe

Figure 7. Blade-Mounted High Temperature
Thin Film Strain Gauge

Engine program is addressing such material and
structural improvements. Enhanced engine inspection
techniques are also needed. Component life prediction
models and non-destructive evaluation techniques will
be developed and integrated to demonstrate enhanced
component inspection capabilities both within
maintenance and overhaul facilities and on-wing under
the NASA AvVSP Tools for Engine Diagnostics sub-
element. Enhancing the flight crews ability to properly
recognize and respond correctly to propulsion system
malfunctions is also critical. An industry effort has
been initiated to improve the way flight simulators
portray engine problems in an attempt to avoid
conditioning pilots to react in ways that could turn
minor malfunctions into in-flight emergencies.*
Efforts continue in the area of data mining to examine
operational engine data and overhaul data to gain
improved understanding of the factors which influence
how aircraft engines age and accumulate damage.®
This information will help to define improved engine
operation procedures and health monitoring techniques.
A wealth of propulsion health management research is
currently ongoing. Within the AvSP, work in
Rotorcraft Health and Usage Monitoring is being
conducted under a separate element. This work
focuses on monitoring the health of rotorcraft gear and
transmission systems. The U.S. Department of
Defense has a variety of ongoing activities in aircraft
gas turbine engine health management research,
including activities under the Joint Strike Fighter
Program, which is focusing on reducing engine
maintenance costs and ensuring reliable operation for
single engine aircraft.

Collective advances in these technology areas
will enhance aviation propulsion system safety and
support the achievement of the national and the NASA
aviation accident reduction goals.
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Summary

Propulsion Health Monitoring (PHM) is needed in
concert with system design, flight crew training,
inspection, and maintenance procedures to collectively
enhance aviation propulsion system safety. There is a
need for continued study of propulsion related accident
and event data to identify underlying root causes for
malfunctions and to develop improved fault models for
diagnostic and prognostic applications. Continued
attention to economic factors including weight, cost,
robustness, and reliability is also necessary. The vision
of the NASA Aviation Safety Program Propulsion
Health Monitoring sub-element is to incorporate new
PHM technology such as enhanced vibration
diagnostics, model-based controls and diagnostics,
component stability monitoring, advanced
instrumentation, and affordable general aviation PHM
technology into an overall architecture that allows
enhanced safety in addition to optimized operation and
management of fleet assets.

References

! Huettner, C.H., “Partnership for Safety Research,”
Paper AIAA-98-3707, AIAA 34th Joint Propulsion
Conference, Cleveland, OH, 1998.

2 Shin, J., “The NASA Aviation Safety Program:
Overview,” Paper ASME 2000-GT-0660, ASME 45™
International Gas Turbine & Aeroengine Technical
Congress & Exhibition, Munich, Germany, 2000.

® Boeing Commercial Airplane Group, Statistical
Summary of Commercial Jet Aircraft Accidents,
Worldwide Operations 1959-1995, (Seattle, WA, April,
1996).

* AIA PC 342 Committee on Continued Airworthiness
Assessment Methodology, “Initial Report on
Propulsion System and APU Related Aircraft Safety
Hazards, 1982-1991,” (Aerospace Industries
Association).

® Weaver, A.T., Sallee, G.P., Bourdreau, T.A.,
“Improving Safety—Propulsion Safety Management
Process,” in Safety Through Interactions and
International Standards—Proceedings of the FSF 46"
Annual International Air Safety Seminar and the
International Federation of Airworthiness 23" Annual
Conference, Kuala Lumpur, Malaysia, (Flight Safety
Foundation, 1993, pp. 91-111).

® Uncontained Turbine Engine Rotor Events, Data
Period 1984 Through 1989, SP-1270, (Warrendale,
PA, Society of Automotive Engineers, January, 1998).

" Sallee, G.P., and Gibbons, D.M., “AIA/AECMA
Project Report on Propulsion System Malfunction Plus
Inappropriate Crew Response (PSM+ICR), Volume I,”
(Aerospace Industries Association and The European
Association of Aerospace Industries, November 1,
1998).

8 AOPA Air Safety Foundation, 1999 Nall Report,
Accident Trends and Factors for 1998, 1999,
http://www.aopa.org/asf/publications/99nall.html
[Accessed March 31, 2000].

® Green, A.J., 1998, “The Development of Engine
Health Monitoring for Gas Turbine Engine Health and
Life Management,” Paper AIAA 98-3544, AIAA 34th
Joint Propulsion Conference, Cleveland, OH, 1998.

9 powrie, H.E.G., Fisher, C.E., “Engine Health
Monitoring: Towards Total Prognostics,” in 1999 IEEE
Aerospace Conference, Aspen, CO, Proceedings Vol. 3,
(Piscataway, NJ, IEEE, Inc., 1999, p. 11-20).

! Marksteiner, J.P., “Maintenance, How Much is Too
Much?” in Proceedings from the Joint International
Meeting, FSF, IFA, IATA-Enhancing Safety in the 21*
Century, Rio de Janeiro, Brazil, (Flight Safety
Foundation, 1999).

2 Drumm, M., “Non-Destructive, Real-Time
Measurement of Cracks in Jet Engine Rotors,” White
Paper - Test Devices, Inc., Hudson, MA, 1998.

3 Urban, L.A., “Gas Path Analysis Applied to Turbine
Engine Condition Monitoring,” Paper AIAA 72-1082,
AIAA 8" Joint Propulsion Specialist Conference, New
Orleans, LA, 1972.

¥ Urban, L.A., and Volponi, A.J., “Mathematical
Methods of Relative Engine Performance Diagnostics,”
SAE 1992 Transactions, VVol. 101, Journal of
Aerospace, Technical Paper 922048, 1992.

> Doel, D.L., “TEMPER-A Gas Path Analysis Tool
for Commercial Jet Engines,” ASME Journal of
Engineering for Gas Turbines and Power, Vol. 116,
pp. 82-89, 1994,

% Doel, D.L., “An Assessment of Weighted-Least-
Squares-Based Gas Path Analysis,” ASME Journal of
Engineering for Gas Turbines and Power, Vol. 116,
pp. 366-373, 1994,

10
American Institute of Aeronautics and Astronautics



7 Luppold, R.H., Roman, J.R., Gallops, G.W., and
Kerr, L.J., “Estimating In-Flight Engine Performance
Variations Using Kalman Filter Concepts,” Paper
AIAA-89-2584, AIAA 25" Joint Propulsion
Conference, Monterey, CA, 1989.

8 Kerr, L.J., Nemec, T.S., and Gallops, G.W., “Real-
Time Estimation of Gas Turbine Engine Damage Using
a Control Based Kalman Filter Algorithm,” Paper
ASME 91-GT-216, ASME 36" International Gas
Turbine and Aeroengine Congress and Exposition,
Orlando, FL, 1991.

9 Adibhatla, S., Brown, H., Gastineau, Z., “Intelligent
Engine Control (IEC),” Paper AIAA-92-3484, AIAA
28th Joint Propulsion Conference, Nashville, TN,
1992.

2 Adibhatla, S., and Johnson, K.L., “Evaluation of a
Nonlinear PSC Algorithm on a Variable Cycle
Engine,” Paper AIAA-93-2077, AIAA 29" Joint
Propulsion Conference, Monterey, CA, 1993.

2 Gilyard, G., and Orme, J., “Subsonic Flight Test
Evaluation of a Performance Seeking Control
Algorithm on an F-15 Airplane,” Paper AIAA-92-
3743, AIAA 28th Joint Propulsion Conference,
Nashville, TN, 1992.

22 Adibhatla, S., Lewis, T., “Model-Based Intelligent
Digital Engine Control (MoBIDEC),” Paper AIAA-97-
3192, AIAA 33" Joint Propulsion Conference, Seattle,
WA, 1997.

23 Stamatis, A., Mathioudakis, K., Berios, G., and
Papailiou, K., “Jet Engine Fault Detection With
Differential Gas Path Analysis at Discrete Operating
Points,” Paper ISABE 89-7133, ISABE 9"
International Symposium on Air Breathing Engines,
Athens, Greece, 1989.

# Moore, F.K., and Greitzer, E.M., “A Theory of Post-
stall Transients in Axial Compression Systems, Part |-
Development of Equations; Part 11-Application,”
ASME Journal of Engineering for Gas Turbines and
Power, Vol. 108, pp.68-97, 1986.

% Feulner M., Hendricks G., and Paduano J.,
“Modeling for Control of Rotating Stall in High Speed
Multi-Stage Axial Compressors,” ASME Journal of
Turbomachinery, vol. 118, pp. 1-10, 1996.

% \Weigl, H.J., Paduano, J.D., Frechette, L.G., Epstein,
A.H., Greitzer, E.M., Bright, M.M., Strazisar, A.J.,
“Active Stabilization of Rotating Stall and Surge in a
Transonic Single-Stage Axial Compressor,” ASME
Journal of Turbomachinery, vol. 120, pp. 625-636,
1998.

" Tryfonidis, M., Etchevers, O., Paduano, J.D.,
Epstein, A.H., and Hendricks, G.J., “Prestall Behavior
of Several High Speed Compressors,” ASME Journal
of Turbomachinery, vol. 117, pp. 62-80, 1995.

%8 Spakovszky, Z.S., Gertz, J.B., Sharma, O.P.,
Paduano, J.D., Epstein, A.H., and Greitzer, E.M.,
“Influence of Compressor Deterioration on Engine
Dynamic Behavior and Transient Stall Margin,” ASME
Paper 99-GT-439, ASME 44" International Gas
Turbine & Aeroengine Congress & Exhibition,
Indianapolis, IN, 1999.

# Lei, J. -F., Will, H.A., Martin, L.C., “Thin Film
Sensors for Minimally-Intrusive Measurements in
Harsh High Temperature Environments,” AIAA Paper
98-3610, AIAA 34th Joint Propulsion Conference,
Cleveland, OH, 1998.

% McKee, B., Dahl, S., and Shkarlet, K., “Smart
Coatings for In-Situ Monitoring of Engine
Components,” in Society of Photo-Optical
Instrumentation Engineers (SPIE Proceedings Vol.
3674), pp. 461-468, 1999.

% Mostafa, I., Hailu, S., Welsch, G., Hazony, D., and
Halford, G.R., “Detection and Measurement of Fatigue
Crack in HSLA Steel With a Dedicated Ultrasonic
Pulse Transmission Method,” International Journal of
Fracture, vol. 85, pp. 99-109, 1997.

%2 “United, Pratt Target Simulator Shortfalls,” Aviation
Week & Space Technology, May 24, 1999, pp. 64-65.

® Litt, J., et al., “NASA Aviation Safety Program Aircraft
Engine Health Management Data Mining Tools
Roadmap,” Paper SPIE 4057-37, SPIE 14" Annual
International Symposium on Aerospace/Defense Sensing,
Orlando, FL, 2000.

11
American Institute of Aeronautics and Astronautics



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
July 2000 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

An Overview of the NASA Aviation Safety Program Propulsion

Health Monitoring Element
WU-577-30-20-00

. AUTHOR(S) 1L 161102AH45

Donald L. Simon

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Aeronautics and Space Administration REPORT NUMBER
John H. Glenn Research Center
;Zrl]gleland, Ohio 44135-3191 E—12396

U.S. Army Research Laboratory
Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
National Aeronautics and Space Administration AGENCY REPORT NUMBER
Washington, DC 20546-0001 NASA TM—2000-210348
and
U.S. Army Research Laboratory ARL-TR-2272
Adelphi, Maryland 20783-1145 AIAA-2000-3624

11. SUPPLEMENTARY NOTES
Prepared for the 36th Joint Propulsion Conference and Exhibit cosponsored by AIAA, ASME, SAE, and ASEE, Huntsville,
Alabama, July 1619, 2000. Responsible person, Donad L. Simon, organization code 0300, (216) 433-3740.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified - Unlimited
Subject Category: 07 Distribution: Nonstandard
This publication is available from the NASA Center for AeroSpace Information, (301) 621-0390.

13. ABSTRACT (Maximum 200 words)
The NASA Aviation Safety Program (AvSP) has been initiated with aggressive goals to reduce the civil aviation accident
rate. To meet these goals, several technology investment areas have been identified including a sub-element in propulsion
health monitoring (PHM). Specific AvSP PHM objectives are to develop and validate propulsion system health monitoring
technologies designed to prevent engine malfunctions from occurring in flight, and to mitigate detrimental effectsin the
event an in-flight malfunction does occur. A review of available propulsion system safety information was conducted to
help prioritize PHM areas to focus on under the AvSP. It is noted that when a propulsion malfunction isinvolved in an
aviation accident or incident, it is often a contributing factor rather than the sole cause for the event. Challenging aspects of
the development and implementation of PHM technology such as cost, weight, robustness, and reliability are discussed.
Specific technology plans are overviewed including vibration diagnostics, model-based controls and diagnostics, advanced
instrumentation, and general aviation propulsion system health monitoring technology. Propul sion system health monitor-
ing, in addition to engine design, inspection, maintenance, and pilot training and awareness, isintrinsic to enhancing
aviation propulsion system safety.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Flight safety; Engine failure; Aircraft engines; Gas turbine engines; 17

. . . . . . 16. PRICE CODE

System health monitoring; Engine monitoring instruments AO3

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102




